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TECHNICAL NOTE 3410

VARTATION OF LOCAL LIQUID-WATER CONCENTRATION ABOUT AN ELLIPSOID
OF FINENESS RATTIO 10 MOVING IN A DROPIET FIELD

By Rinaldo J. Brun and Robert G. Dorsch

SUMMARY

Trajectories of water droplets about an ellipsoid of revolution
with a fineness ratio of 10 (10 percent thick) in flight through a drop-
let field were computed with the aid of a differential analyzer. Analy-
ses of these trajectories indicate that the local concentration of -
liquid water at various points about an ellipsold varies considerably
and under some conditions may be several times the free-stream concen-
tration. Curves of the local concentration factor as a functlon of
spatial position were obtained and are presented in terms of dimension-
less parameters that describe flight and stmospheric conditions. The
data indicate that the expected local concentration factors should be
considered when choosing the location of devices that protrude into the
stream from alrcraft fuselages or missiles, or when determining anti- -
icing heat requirements for the protection of these devices.

INTRODUCTION

The calculations presented herein were made In order to extend the
study reported in reference 1l on the spatisl distribution of cloud drop-
let concentration after the free-stream concentration and distribution
are altered by an aserodynamic body moving through the cloud. In ref-
erence 1 the alteration of the concentration of cloud droplets in the .
immediate vieinity of an elllpsoid of revolution with a fineness ratio
of 5 (20 percent thick) is discussed; whereas, the data herein apply to
an ellipsoid with a fineness ratio of 10 (10 percent thick).

As is discussed in the reference cilted, an sircrafi moving through
a cloud glters the concentration of cloud droplets in the immediate
viecinity of the aircraft. During flight in supercooled clouds, sn un-
even distribution of ice is often formed on rod-shaped objects that
protrude from the fuselage. An illustration of this peculiar distribu-
tion is shown in photographs presented in reference 1 and in figure 1
of this report. The pitot mast shown: in figure 1 was attached to the
fuselage of a B-24 airplane. As indicated by this ice formation, there
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is frequently a region of reduced (or zero) droplet concentration next
to the aircraft surface, followed by a narrow region of greatly in- _.
creased droplet concentration farther out. Beyond the narrow region of
high concentration, the droplet concentration graduslly decreases toward
the free-stream value with increase in distance from the surface of the
gircraft. A sketch of a typicasl spatial variation is shown in figure 2.

A knowledge of this spatial variation of local droplet concentra- .
tion about an aireraft or missile during flight through cloude, drizzle,
or rein 1s often important when choosing the location of devices that
protrude into the stream or when determining the design requirements for
icing protection on the devices. Examples of such devices are: (1)
intske duets and vents, (2) antenna masts, (3) ice detectors, and (4)
instruments for measuring liguid-water content and droplet-size distri-
bution. Similariy, at places where a body of revolution Jolns an air-
foll (1 e., Wwhere there is a forebody ahead of the airfoil, such as a
rocket pod or aircraft fuselage), the local impingement of cloud drop-
lets on the airfoill, apd therefore the ice-protection design require-
ments, will be altered by the effect of the_body of revolution on the
local droplet concentratlon.

The nonuniform distribution of lce shown in figures 1 and 2 can
be explained from a knowledgk of the trajectories of cloud droplets
around the fuselage. Droplet trajectories about an ellipsoid of fine-
ness ratlio of 10 (lO percent.thick) in exisymmetric, incompressible )
flow were calculated with the aid of a differential analyzer at the
NACA Iewis leboratory. A prolate ellipsoid is chosen as a good approx-
imation for many fuseleges and missile bodies, and has the additional
advantage of a surrounding flow field that is known exactly for incom-
pressible, nonviscous flowd A knowledge of ithe flow field is necessary
for the computation of thefdroplet trajectories, which were calculated
back to the midpoint of the ellipsoid and in space in the radial direc-
tion as fer out as a distaﬁce equal to the minor axis. These trajec-.
tories were analyzed to determine the relation between the droplet con-
centratlion at various points 1n space with the following variables:
ellipsoid length and veloclity, droplet size, flight altitude, and air
temperature. The results of the analysis &fe summarized §{n this report
in terms of the dimensionless parameters .. Reo and K, which include

these variables. Although the calculations were made for Iincompres~
sible flow, they should be appliceble throughout the subsonic region
because of the small effect of compressibility on droplet trajectories
(ref. 2) and because of the high flight critical Mach number of the
ellipsoid.

SYMBOLS

The following symbols are used in this report:
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A annular area perpendicular to major axis through which droplet
flux flows, sq ft
C local concentration factor, d(rg)/&(rz), dimensionless
d droplet diameter, microns —
¥ flux density of liquid water, 1b/(hr)(sq £t)
K inertis parameter, 1.704X10'1262U/uL, dimensionless (density
of water, 1.94 slugs/cu £t, is included in constant) '
L length of ellipsoid major axis, ft
Reg free-stream Reynolds number with respect to droplet dismeter
4.813x107%p _U/k, dimensionless
Reg,mea free-stream Reynolds number based on volume-median droplet
diameter, dimensionlegs
T, cyllinder coordinates, ratic to major axis, dimensionless
(fig. 3) -
o starting ordinate at 2z = - « of droplet trajectory, ratio to
major axis, dimensionless
U free-stream velocity or flight speed, mph
u ratio of local ailr veloclty to free-stream velocity,
dimensionless
v! local droplet velocity, mph
W local liquid-water content, g/cu m
U viscosity of air, slugs/(ft)(sec)
Pg, density of air, slugs/cu 't
Subsecripts:
av average of quantity over area A
r radial component "
s ellipsoid surface
pA axial component
0 free-stream conditions
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METHOD OF CCMPUTING DROPLET TRAJECTORIES

The equations that describe the motion of cloud droplets sbout an
ellipsoid are given in reference 3. A golution of the differential
equatlions of motion was obtained with the use of a mechanical analog
(described in ref. 4) based on the principle of a differentisl analyzer.
The procedure for calculating the trajectories of cloud droplets with
respect to the ellipsold is the same as that described in references I,
3, and 5. As shown in figure 3, the ellipsold orientation in the coordi-
nate system used in references i, 3, and 5 is retained herein. Since a
flow field 1s axisymmetric around an ellipsold of revolution oriented
at O° between its major axls and the direction of the free stream, the
droplet trajectories in the elliptical section of .ell meridien planes
are the same, and the spatisl vaeriation of goncentration can be cbtained
from trajectory calculetions in the z,r plane of figure 3.

The equations describing the esir-flow fleld around the body, re-
qulred for the solution of the equations of droplet motiom, are given in
reference 3. The values of the air-velocity components u, and w,. as

functions of r and =z are given graphically in reference 5.

RESULTS AND DISCUSSION OF TRAJECTCRY COMPUTATIONS
Dimensionless Parameters

The equations of motion were solved for various values of the
perameter 1fK between 0.1 and 90. The inertial parameter X is a
measure of the droplet size, the flight speed and slze of the body of -
revolution, and the viscosity of the air, in the form

K = 1.704x10"12 %%g (1)

The density of water, which 1s expressed as part of the conversion

factor, is 1.94 slugs per cublc foot. For each value of the parsmeter
l/K, a series of trajectories was computed for each of several values
of free-stream Reynolds number  Rep. The free-stream Reynolds number

is defined with respect to the droplet dlameter as

Rep = 4.813x1076 dp_U/u (2)

In order to make these dlmensionless parameters more physicelly sig-
nificant in the following discussion, some typical combinations of K
and Rey are presented 1ln table I for various lengths and velocitiles

of the ellipsoid, droplet sizes, and flight pressure altitudes and

3
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temperatures. A procedure for rapid calculation of I/K and Reo from
practical flight conditions 18 given in appendix B of reference 6.

Average Mass Flux Density of Water in Droplet Form

The average mass flux of water in droplet form per unit area through
an annular area of space (of width Ty =Ty, fig. 3) perpendicular to

the major axis of the ellipsoid 1ls obtained from the law of conservation
of matter. Assume that the liquid water in droplet form is moving be-
tween two surfaces formed by rotating two neighboring trajectories in
the r,z plane about the axis of the ellipsoid, as shown in figure 3.
Then,

WoUAQ = Vay V) oy A (3)
and
2 2 2
Fav _ VavVz,av - fg_= F0,2 ~ 0,1 _ A(rp) (2)
Fo woU A r% - r% A(r2)

The subscript O refers to conditlons at large distences shead of
the ellipsoid (free-stream conditions), and the subscript av refers
to the average of a quantity over the annulsr area A. The annular area
A is measured in & plane perpendicular to the majJor axis of the ellip-
soid (fig. 3). From equation (4), the average flux density through an
annular area A or a sector of the annulsr area A can be written as
follows:

2
Fay = 0.33wqU A—g—, v/ (kr)(sq £t) (5)
Alr™)

The constant 0.33 is a conversion factor for the units used.

2

Curves of r2 as a function of r°® are presented in figure 4 for

2
0
various values of Rep and l/K at three constant z-positions, the
midpoint (z = 0), & point 1/4 major axis length from the noze (z = -0.25),
and the tip of the nose (z = -0.5). These curves were obtained from
calculated droplet trajectories. Equation (5) and figure 4 may be used,
for example, to determine the amount of water in droplet form passing

in a spatial region of cross-sectionsl annular area A located outside
the ellipsoid a distance .r Zfrom the mejor axis.
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Local Liquid-Water Flux Density

The local mass flux of water in droplet form per unit area perpen-
dlicular to the major axis at a point 1n the vicinity of the moving .
ellipsoid can be obtained from equation (5) by letting A(ré) approach
zero as a limit.- Then : '

F = 0.33wglC, 1b/(hr){sq £t) (6)

where
¢ = a(z8)/a(x?)

The local concentration factor C at a point in space is obtained from

the slope of the. curves of rg es-a function of r2 (fig. 4) at the

point of interest for the Reg and K combination being considered.

The concentratlon factor C as a function of r Ffor selected
values of Reg and K at z = 0, -0.25, and -0.5 1is given in figure

5. As was stated for the 20-percent-thick ellipsoid in reference 1,
the concentration factor spproaches 1 (free-stream value) at large
values of r for all z-positions. As in the case of the 20-percent-
thick ellipscid, the concentration factor is less than the free-stream
value (C < 1) at the nose of the ellipsoid (z = -0.50) near the major
axis (small values of r, fig. 5(m)). At =z = -0.50 no difference was
found, within the accuracy of the computation, when Reg was changed

and the value of 1/K wes retained.

The peak values of the cdncentration factor given in figure 5 are
plotted in figure 6 as & function of l/K for various values of Reg.

The peak values are given only for the midpoint {z = 0) and the quarter
point (z = ~0.25) on the ellipsoid, becausé pesk values do not exist at
the nose (z = -0.50). The pesk values of C were not well established
by the trajectory computations for all values of Reg and l/K. For
some cases, such as those given in figure S5(b), the peak values might
be 50 percent higher than shown. The values shown in figures 5 and 6
are weighted for comsistency with other date avellsble on this subject,
including the data of reference 1.

The r-position of the peak value of. .C at 2z =0 and z = -0.25
is plotted as a funetion of l/K for constant Reg 1in figure 7. With

the use of figures 6 and 7, the peak value of C and its r position
can be determined for the value of Reg and 1/K of interest.

3371
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The local liquid-water content in grams per cubic meter can be ob-
tained at any point in space by dividing the droplet flux by the z-~
component of the local droplet velocity at that point:

F,— C, g/cu m (7)
Z

W =

The value of the z-component of the droplet velocity vé was noted

during the calculations of the droplet trajectories. A value of
vi/U =1 (£1 percent) was observed between z = -0.40 and z = 0. A

value of vé/U = 0.98 (42 percent) was observed between 2z = -0.50 and
2= -Oa 4.'0-

Shadow Zone

The region of zero concentration adjacent to the surface of the
ellipsoid, which is illustrated in figure 2 and 1s evident in figure 5,
is called the shadow zone. This region is protected from droplet pene-
tration by the air-fléw characteristics ahead of and in the vicinity
of the forward positions of the ellipsoid. The thickness (r - rg) of

the shadow zone at each z-position of the body for verious KReg and K

values 1s given in figure 8. Generally, the thickness of the shadow
gone increases as 2z approaches O, that is, from nose to midpoint of
the ellipsoid. The shadow zone 1s O at the nose for all values of
Rep and l/K shown in figure 8 and becomes of finite thickness at a

z-position that depends on Reg and 1/K.

Comparison of 10- and 20-Percent-Thick Ellipsoids

Because a complete comparison of the 10- and 20-percent-thick
ellipsoids that covers a wide range of flight and atmospheric condi-
tions is beyond the scope of this report, the following limited com-
parison is made for & set of conditions that occur rather frequently.
However, a danger must be noted arising from the choice of only a few
sets of conditions for comparison: the relative importance of the
different factors being compared may change with other conditlons not
discussed,

As might be expected, the shapes of the curves for peak values of
concentration factor € and for shadow zone (figs. 6 and 8, respec-
tively) resemble the curves describing the same factors in reference 1
for the 20-percent-thick ellipsoid. The principal difference between
the curves for the two ellipsoids is that the effect of concentration
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and the extent of shadow are not as great for the 10-percent-thick
ellipsoid as for the 20~percent~thick body. The effect of a change in
body thickness on peak value of concentration factor C 1is shown in
figure 9 for an ellipsoid 10 feet long moving at 300 miles per hour at
15,000 feet altitude through droplets 20 microns in diameter. The ef-
fect of change in body thickness on the shadow zone under the same con-
ditions is shown in figure 10. The thin body deflects the droplet
trajectories from straight lines less then the thick body. For a body
of zero thickness, the concentration factor would equal the free-stream
value everywhere 1n space and the shadow zone 1s ellminated.

The varistion of local concentration factor with spatial position
and Reo and I/K 18 discussed 1n reference 1. The concentration

factor is very sensitive to small changes in l/K and Reg, as can be

seen in figure 5. The variation.of concentration of liquid-water con-
tent with z- and r-positlon and l/K and Reg indlcates that care

should also be exercised with the 10-percent-thick body in locating
instrument sensing elements and small inlets or vents that protrude

from the surface and are sensltive to impinging water or lce formation.

The values presented in figures 4 to 8 apply directly only to
flights in clouds composed of droplets that are all uniform in slze.
The effect of droplet-size distribution on concentration factor is dis-
cussed in reference 1 with the use of several 1llustrative examples.
The manner in which the concentrstion factor applicable to a 10-percent-
thick ellipsoid is altered by droplet-size distribution is glven here
for the same conditions used in one of the 1llustrative examples in
reference 1.

With the use of the same flight and atmospheric conditions, a com-
parison with the 20-percent-thick ellipsold is possible, as shown in
figure 11. The gbscissa is the distance from the ellipsoid surface, in
inches, 8t 2z = 0. For both the 10- and 20-percent-thick ellipsoids,
the major axis length is 20 feet, the flight speed is 300 miles per
hour, the altitude is 15,000 feet, and the volume-median droplet diam-
eter is 20 microns. For both bodies the peak value of the concentra-
tion factor considerably decreases as the distribution broadens from
uniform droplets to a "C" distribution (defined in ref. 1). Also, the
region that was s former shadow zone with zero concentration for the
cloud conditilon with uniform droplets becomes an area with a smsll con-
centration factor. A comparison of concentrstion-factor curves calcu-
lated for droplet-size distributions estimated to be present in clouds,
such as shown in figure 11, shows good qualitative agreement with the
shape of actual ice formstions obtaired on rod-shaped objects 1n flight
through the clouds (fig. 1).

3371
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CONCLUDING REMARKS

The sigrificance of the spatial variation of liquid-water content
and droplet size is discussed thoroughly in reference 1. The effect of
the spatial varistion on measuring instruments and on the rotating
multicylinder method is alsc evaluated in reference 1. The importance
of avoiding meesurements of liquid water and droplet size in the region
of varigtlon of droplet concentration in the vicinity of an aircrafi
fuselage 1s emphasized, because the correction of the indicated water
content and droplet-size distributions to free-stream conditions would
be very involved.

The data of this report are gpplicable in & quantitative manner
only to ellipsoids of revolution with a fineness ratio of 10. As was
stated in reference 1 for a thicker body (fineness ratio of 5), these
date also apply spproximetely in the vicinity of the nose section of a
body of revolution that can be physically matched with the nose section
of & 10-percent~thick ellipsold of a given length. The data are par-
tilcularly applicable if the afterbody does not spprecisbly alter the
air-flow field ahead of the ellipsoid sectlion from that attendant to an
ellipsoid. Because many bodles of revolution of interest are different
in shape from an ellipsoid, the data of this report end reference 1l are
primarily useful in pointing out In a gqualitative manner the type of
variation in liquild-wabter concentratlon that might be expected in the
vicinity of a body of revolution in flight through & droplet field.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Chio, February 1, 1955
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TABLE I. - RELATION OF DIMENSIONLESS PARAMETERS TO ELLIPS0ID SIZE AND ATMOSPHERIC AND FLIGHT CONDITIONS
Atmos- Ellép- ]]).rop- Majon Prepaure altitude, It
heri goi .11 axis,
ge"ziz veloo-| dlam- | L, 5000 16,000 ! 25,000
‘tion 11:%, ater, £t Temperature, OF
mph | mi- 20 1 ~25
arons
Re K /K Reg K 1/K Reg K 1/K
Cloud 50 10 3 14.7 0.008123 123.1 10.72 0.008383 119.3 7.836 0,008793 113.7
drop~ 30 14.7 ,0008123 | 1231 10.72 .0008383% | 1193 7.858 0008793 | 1137
lets 100 14.7 00024357 | 4£1.03 10.72 , 0002815 | 5976 7.858 .0002838 | 3791
50 3 75.54 0.2031 4.924 53,62 0,.2096 4.771 38.17 0.2198 4.550
30 75.54 02031 49.24 B5%.62 . 02098 47.71 38.17 .02158 45.50
100 T5.54 . 006092 164.1 55.62 .006289 159.0 39.17 . 006594 151.7
100 20 10 56.81 0.01949 51.31 42.89 0.02012 49.70 31,354 0,02110 47.38
50 58.81 003898 256.5 42,89 .004024 248.5 31.54 . 00422 257.0
300 58.81 . 0006487 | 1538 42 A9 Q006707 | 1431 31.%4 0007083 | 1422
300 20 10 | 176.4 0.058486 17.11 128.7 ©.06057 16&.56 94.00 0.08330 16.8
50 176.4 .01169 85.54 128,7 01267 82.85 94.00 .0l268 78.89
10 100 88.2 0.001482 g84.0 B4 .4 0.001509 662.7 47.01 0.001583 €51.7
20 100 | 176.4 0.005B46 171.1 128.7 0.008037 166.8 94,00 0.0063350 158.0
300 178.4 . 001949 518.1 12a8.7 .002012 497.0 94.00 002110 4735.9
500 20 10 294.1 0.09745 10.26 214.5 0.1008 9.940 158.7 0.1065 9,479
50 | 294.1 .01949 51.31 214.6 02012 49.70 168,7 02110 47.39
100 294.1 ,Q09745 102.8 214.5 010086 99,40 158.7 .01058 94.79
50 3 735.4 2.031 0.4924 b38.2 2.098 0.4771 391.7 2.198 0.4550
30 | 735.4 L2031 4.924 538.2 . 2086 4,771 391.7 .2198 4.550
100 755.4 06092 18.41 536.2 . 06288 15.90 381.7 .08694 15.17
Drizgle| 100 400 10 (1176 7.798 0.1283 857.7 B.050 0.1242 626.7 8.442 0.1185
300 400 100 |3529 2.539 0.4275 | 2574 2,415 0.4141 | 1880 2.532 0.3948
500 |3529 JTIDT i.285% 2574 .8050 1.242 1880 8440 1.i85
500 400 300 |[o882 1.299 0.7698 | 4289 1.342 0. 7452 3134 1.407 0,7107
Rain 300 1000 50 |BB23 29.24 0.03420 | 8434 30.18 §,03313 j 4701 51.88 G.031535
100 |8823 14.62 06840 | 6434 15.09 .06627 [ 4701 15.83 .08317
300 (8823 4.B73 20620 | 6434 5.030 .1988 &701 5.277 .1885
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Figure 1. - Ice formation on pltot mast on B-24 sircraft after
Plight through. supercooled clouds.
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Figure 3. - Ccordinate system for droplet trajectory calculations.

L4

0Tz ML VOVN



Tl

A
7/

»008 7

AN N
.

Squara of starting ordinats, rg

/]
007 '// y
A /| s
. o NA AL
g A AL
] v A U/
005 k- rd // yd y.i
: L |/ a4
B 35
004 v4 A/
/ / /N o
+ 003 // //
. A / i5
// //
02 ,/ // i
/|
/
.091
/
P
|
o .001 .002 0058 004 008 008 .007 ,008 008 .010 .011 .012 ,013 oL
Squars of droplet ordinate, rd
imd = 0O: Ha_. =N

{a) = =0} Bep = 0.

Pigure 4. - Bquare of starting ordinate as function of squars of droplet ordinate et oonstant z-position.

OT¥Pe ML YOVN

ST



Sguere of starting ordinste, rg

-010

g

8

[~}

N
ANIAN
™,
™
N
N
\%\ ]

\\\
NN
N

~ A
N\

NN
R

\\

N
N

N,
NN

N\
P
b
\\
oy
Ry

Ellipmold surfeoe

S
AN

N
\
N
N
£

£
pis

001 .ans nox

2

ODE ong nny nnon nno s)
WS Lt et i L) o L

Square of droplet D‘l'd_‘lnﬂ.t.‘:v‘;‘g
{b) z = 0; Reg = 128.

Figure 4. - continued. Squars of atarting ordinate as fungtion of sguars of droplet ordinate at constant z-poaition.

o1

0T7e ML VOWVN



square of startiug ordinate, rs

.010

L008

g

2

g

g

-003

001

d 4 4
A 1/ /::
Yy L
/1 1/ ///
A PRV 4
yd . /,/

TS
PN
\N

Eilipsold surfeoe
®
NN
N N
ANAN

/4

NN
N

~

— N

1
L

w Y
/]
.003

.001 .002

004 ,005 .008 007 .008 009 .010 011 012
Squars of droplet ordinate, »2

(¢} 2 = 0; Rey = 512.

Figure 4. ~ Contimued. 3quars of starting ordinste aE funsticn of sgquars of droplet ordinate at sonstant s-peeition.

013

014

OTFZ NI VYDV

A



Bquere of starting ordimate, rf

T A
008 / / *‘/
A\
A S
008 // r;///
A\
o AN A
N NA Vs
- Rvay 4
i e ,/ A
o - A LA Ll
§ // a4
004 - // T / '/
A1V !
m.., A
/// 4
e “ 11/ /
/‘/ 4
. AN
gl SI[
[s] .001, .002 003 004 005 008 007 =008 008 010 011 012 013 014

Squ-:-. of droplst ordinats, r2
(4) = = 0; Rep = 1024.

Plgure 4, - Coptimiad, Qquers of atarting ordinate as function of aquare of droplet ordinate at oonstent z—posliiom.

8T

OTPE ML YVOVMN




010

008

:

g

Bquare of starting ordinate, rf
g §

S0

, CT-3, back . 3371

AN
N

NN
N

\\\

A
44
H 21 .57 4
: % /
| /
R ‘ /
V4
y yd
/ /|
Vd Y
/
/
A1V
,I
/
{
001 002 o3 004 L0085 ,008 007 008 009 ,010 011 012 oL

Figure 4, - Contimyed.

Squars of dreplet ordinate, rd
{e) £ = 0; Rey = 4096,

dguaye of atarting ordinabte mas funetion of square of droplet ordinate at comatant e-position,

OT¥2 Nk WDVN

5T



Squara of starting ordinate, rﬁ

010

008 A A

\\
N

Ellipaoid surface
N
N

002 — - /

.001
0 .00) 002 003 004 005 008 007 L0608 L0089 010 .011 .012 013 0ls
Sguare of droplet ordinate, rf
{f) & = 03 Ray = 8192,
1 H
’ Flgure 4. - Continued. Square of starting ordinets &s DNmctlon of aquars of dreplst ordinats &t sstant s-position
i
,
L]

g

OT7e N& VOVN




Square of starting ordinate, Tf

.010

008

.005

001

oL

87

J N

S AR T B
AN
NEN

Ellipsoid surface
M
.
N
~
R,

N

\\

N
AN

~
ANEN

002 L0035 004 008 008 007 008
Square of droplet ordinate, rd

f=d o N oD mo _on
\E} & = ~0.26j A5g = O,

Q10

Q11

012

013

Figure 4. - Continued. Square of otarting ordipnmte as Nunction of Aquare of droplst ordinate at constant z-position.

014

OTPE NL VOVN

1z



RACA TN 3410

%

r2

NA W/

a8

a7

AN /

8%

(h) = = -0.25; Rey = 128.

Yy
=008

3guare of droplet ordinemte,

yd
//// /|
v

T VA

w4
VA

WA
/]
/

T
4

QowyInt proadiTTH

Figore £, -~ Contimued. Sguare of starting ordinate as function of sguare of droplet ondinate At constant x-position.
1

LOpa
008

[=]

m.u fageuTpae Fupgawqe jo sawnbg

.001



oL 0 7

RACA TN 3410
2%

i
* iy
N ;
,V[/u g 5
IV//JL/ M
NN =
NCNS Y
NENNAY T
/ // // /// 9, m
NN YL 8:4 ¢
NNAN Ry
/// /Xw ey ) 8
5|2 Y §e w
o =1 7 m L
//a & %
N én/ : W
N\ /”/ AN . .
. /L /,/rff ° m
/ /.//. /r =3 3
NENONNE
S S T NNV, ¢
lll-l;..lllJlll!lllFJIth-ull-.m. $
o
m. (-]

o 1
1%;- m o

8

010
-008
008

g 8§ 8§ § ¢

2 ‘a3mutpao Buriawess o waynbg



NACA TN 3410

014

-013

.012

-011

010

.008

4

<008

A

(J) £ = —0.25; Rep = 1024.

008

/ ’
4V
007
Square of droplet ordinats, r2

2

%
A NAA
(AA

ya

Squars of starting ordinate as function of square of droplet ordinAte At constant e—position.

/
/
/

A VA Ao

«Q03

// 7
/

/]

/ /

/]
/,
avi4
74

I
e/ s
002

1
¥
!
I
1
]
i
+
1

e — e e e ] ] ] ) o e -

sovzans PIORdTITE

Figure 4. - Contirmed,

Q01

o

-oo8]

g § & ¥ B

mn fegwuipae Burzauie Jo awndg

0c
.00l
]



NACA TH 3410 : a5

014

015

012

.011

010

z//
/
v4

//

il
/

7

//
/
/

//'
| A/ /

007

Squers of droplet ordinate, r2
5.5

005

oA A N
Y

.
(T3

~

A
/// 1ﬁ/

/

/1
| ///
| : N

. Bquare of otarting ordinate asm fimation of square of droplet ordinate at oonstant z-positiocn.

//
v
74

/

002

e e e e s S S SUNNUNY UUAJANY MUty Ny m—" I\ll-ll..ll.inMerJlllil\IJI ——

sownow prosdyITa

]/
/]
/
F
/
Hgurs 4. - Coptinuad

10
.Qo9

§ & & &8

Bz ‘e3waipeo Futizvie Jo sawnby

003
-00p
001
o]



NACA TN 3410

2

<
§
§
E
3 A
m
3 :
. §
[
3 !
/ < m_
%
A ;4
N o
///z mﬁ. .

a o
SR it
o &
//// Ww _m .mw
NN § 8 £
.
£ [BNAN . : m_
. m /o/(/ 2 \..; ..m.
I // m.ﬂ. .m"
/

A/

T4y
A/
005
start

< ,
/ i

AA

A/

sowgms PIoedTTIN m__

001

-0l

Ty § ¥ 8 § %

w.n ‘eqEuTpIe BUTIILN JO BIWTDE

<001

r



NACA TN 3410 27
- .00
i
- /K
l‘l?} 008 0.1,!1, 3
: 1
W
y 4
.007, . V/
/
o 006 /ﬂ
" /74
Fy /4
E 4
® .005 7
o » ] /
4 Vi
Q 13
< 2 oo 2
5% 7
) ¢ 4
&
@ 003
.002
.001
0 .00L . .002 003 ~.004 005 006 007 008 .009

Square of droplet ordinate, re
(m) z = -0.5; Reqg = 0, 128, 512, 1024, 4096, and 8192.

Filgure 4. - Concluded. Square of starting ordinete as function of square of droplet ordinate

at constant z-position.



C

Loeal concentration factor,

2;‘-’ —_—g == — —_— = = —
1/
2.0(—¢
E 45 1
& \ A
@ 1
: \ I
1.8 .6| \ 3\
) A, \ 115
-
-
90
1.2 54 ~ —
1 T e —
o1
.8
olfllo ks|s | |is
4
0
.048 .052 .058 .060 .064 .088 .072 .076 .080 084 .088

Hadial distance, r

(a) z = 0; Reg = 0,

.082

Figure 5. - Verlation of local concentratlon factor with radiel distance r at constant axlal positlon =z.

i

82

OT7e NI VOVN




2011

NACA TN 3410
\\
//
Py
5 \\\
u\\\.a \\\.ﬁ_K \ Mt
\\ ﬁ H“
ri
\\\\ i 11
~l
—
a4
808juma pTosdITIx
< 2 | "_o o Q <
o o — 1

0 ‘204981 UOTHBJIGUINUOD Tudo]

Radial distance, r

(b) =z = 0; Re, = 128.

Variation of local concentration factor with radial distance r &t constanft axial

Flgure 5. - Contilnued.

positlon =z.

29



50 NACA TN 3410

.092

.088

084,

.080

.076

——t——
072
e, r

a
(c) z = 0; Reg = 512.
on

AN
"{:
064

.080

1A
LY
¥
-
=

e

15
1
.058

.052
=

0.1

position =z,

T oram =
Flgurs S.

eowdang pJoedITTH

- . 3
* 2 @

@ o
Lf] o o o - - Com
7 ‘ao3omJ UOTIRIIUSOUCD TBOO]

o
r=



c

Losal concentration factor,

3.2
2.8
2,41 -8 f
: |
f
—2 1/
3 1 y
2.0 Im / /
- ! /

=3
m

-
/ ~
1.2 ™ -
ST~ || 11— o -
~—
0.1 ===
.8
0.1 hsi1
o
._
25 .0 .058 060 064 068 078 .078 080 ,084 ,088 .02

Figure 5. - Continued.

ponition

Radlal distance, r

{d) = = 0; Reg = 1024.

Variation of local concentration factor with redlel dlatance r at oonstant axial

OT¥c ML VOVN

T



Local concentration factor, C

2.4

]

J

Ellipsoid surface

l

[
.
]

—
.
N

.2

.8

-4

0l1] .2

052

Figure 5, -~ Gcnt.imied.

posltion =z.

056

060 064 068 072 076 .080 .084 .098

Radial distance, r

(s) z = 0; Rey = 4098.

vVariation of local aoncentration factor with radisl diatance r at sonstant axial

3

2e

0T N YOVN



] * - CT'IS 3571 ¥ 1

0192 NI VOVN

1.8
’—n
NS
1.2 }_;j — /K
/]
0.
_ 3 .03 L”‘J
4]
.
L
.8 ___a
0.03|.1
.4
0 I
048 .082 .0B8 .080 .084 .088 072 078 080 .084 ,088 .082

Radlal distance, r
(f) = = 0; Rey = 8192,

Figure 5, - Continued. vVariation of local concentratlion factor with radial distange r at constent axial
pogltion =z,

gE




Looal conoettration factor, C

2.0 | \
®
1.8 E! 1/K
=1 N
) \ 45
s} N
8, \\ 1N
1.2 EL '..L-j\:\\
5]
1| T %%i
.8
\ 5| so| as{jis
x'Y 1
04
° 1|
.040 L0444 - .048 .052 .056 060 .064 .068 .072 .Q76 .080 ,084 .0as

Figure 5. - Contlnued.

Radial dlstance, r
(g) 2 =~ -0.25; Reg = 0.

Yariation of logal concantration factor with radial distance r at constant axial position =z.

.002

2%

OT%e AL YOVN




3 « CT-5 back 5571 ¢

4

—
]

[+

-

/‘

Ell] Eoid surface

Local concentretion faotor, C

TN TN

\‘ \QS\
| \\E_‘\ -

0.1 \\‘\§_=='=E
e e A s —
1
0.1
0.1

15 5 15
044 048 P52 .056 060 064 068 .072 078 .080 084 088 092

Radial Adistanee, r

h) 5 = -0,

o

5; Rep = 128.

Flgure 5. -~ Continued. Variation of local concentratlon factor with radial distance r at oconstant axisl position =.

OT9e NI YOVN

=1




Loizal eoneentration fastor, C

ho
s

2.0 l \ 17K
I 15\
[ ]
Qi -
g ‘\ \

1.6 k
o
3 NN
% \ \\\\
-l
-
g }\ \\

1.2 ! =

F———] ]
[—— [——]
1 0.1

.8

) p.1 |es|3 |15

4 il

D]

040 Q44 .048 052 .058 .080 064 .068 072 076 .080 -0B4 .088 .092

Radial distance, T
(1) 2 = -0.25) Rey = 5l12.

Filgure 5. - Continued. Variation of local concentration fastor with radial distance r

at constant sxial position «x.

9

OT%e NI VOVN




MI* -
| \
I X
I
2.0 1 /
BN\
L 1,
o Hy N 2\
£1.6 <l N, /
5 g NN
& 8 N //7///
) 1
NEEAREENN
= 1. [ .
H e o —— e
m 0.1
a
(=]
~ B
§
0.1 | 1L Eﬁ [
.4
0
040 Odd .048 ,052 .086 .080 .084 .068 .072 .078 .080 084 088

Redial distance, »
{J) 2 = -0.85; Rey = 1024,

Flgure 5. - Continued. Variation of logcal concentration facter with radial distance r at constant axial position =z,

.092

019 NI VOVN

Le



Local concentration factor, C

2.4 T
|
|
S1 \\
2.0 S A\
/K
ARV
dl
HI
al
n
1. ak
—
dl
l \\
| \
1.2 | 5 \
T - ‘--——
~ ““ﬂ%-‘i _\“"“-*—-—--J
0.1 ——] —_ ——
.8
Dil
4 2
0
.040 044 .04B ,052 .0B8 080 064 .068 .072 .076 .080 084 .088 .092

Fligure 5. - Continued.

Rediel distance, r

f1.\ _ M oA Tao Frar-T-]
\E) & = ~J,c0j NSy = 20,

Varigtion of local concentration factor with radial distance r At constant axial position g.

Lok L -_|'f'|.|. 1 I B B I"l| E i

ay

T B

Be

01%2 KL VOVN




Logal concantration factor, O

c

Loral sonsentretion faebar,

» * [ %
1.2 — Py
T /K
0.1
0.03
[ ]
8 %
=
k|
L]
& l
|
]
0
.040 044 048 .08g 058 060 064 .068 .072 078 080 .0B4 .088 098
Radial distance,
{1) & = -0.25) Rep = 8182,
1.2 T
1/
7 w
L 1IN
N 0,14
Y/
5
1s
48
004 008 L012 018 020 024 028 052 058 040

Radisl distance, r

() = = -0.5; Rag = O, 128, 612, 1024, 4096, and 819%.

JOdd

.082

Pigure 5, - Concluded. Varistion of local conomtration factor with radial distance r at gonatant axial position x.

e

080

OT9:2 NI YOWVN

6%



[#)]

Free-ptream
Reynolds number,

.
[4)]

h
(=)

.
(1)

Peak wvailus of C

.
(4]

Re 2N —
1 N 2R T
D SR ZAND
pesfiy [ | RREUN ,
VRN NNEN
S o e N NN
y [ ™ N
AV INAVA NN
7T 17 7 7 7 | N
A A /S M NN
/ " LA <~ SN
T 7T R
____._-———"’/’::::_——’“‘"_f:::___‘__,,,-L""’
2 .3 .4 & .8 1 2 3 4 6 8 10 20 30 40 80 80 100

Reciprceal of inertla parameter, 1/K
(a) g =0,

FPigure 6. - Variation of peak value of concentration factor with 1/K for constant frea-stream
Reynolds number.

O¥%

0L%2 NI VOVN



Peak value of C

3.0
2.5 //_\\/’—h/ <\>
&
ﬁ"gﬁxgiggzimmmr’ 4 / /\>< y \,s\

2.0 m/T LA AN .
102?/512 // 128 }<\ 0N ™~
S/ W SINONU N

1.5 7 VAR VA4 /‘/ < \\\.

/ v P
1.0‘___,,,—f" _’_,4" ‘#//’/,:!,// /,//
° 5 .3 6 .8 1 2 3 4 5 8 10 20 30 40 60 80 100

Figure 6. - Concluded.
stream Reynolde number.

Reciprocal of inertis parameter, 1/K
(b) z = -0.25.

Variation of peak value of concentration factor with 1/K for constant free-

OT¥e ML VOVH

¥




Concentratlion-factor peak position, r

070
.06 — -
o ~
Free-ptreanm 4 ~ g
—Reynolga number, y; A / £ A
e
0 "
060 — /| / / wN'-c
v
g NN
// ‘C?ﬁ 1024 Vi j/ // N
Y e T A
.055 s d pd ,/’/ '{28 \\\k
P d A //QA// \\\\\S
- T 1 P / E

S S g RERE:

_‘===:::::_,_-~ s S R oy
-050 Ellipeoid surface at z = 0
045
040

.1 .2 3 .4 .6 .8 1 2 3 4 3] 8 10 20 30 40 60 80 100

Reciprocal of inertia parameter, 1/K

(a) =

0.

Figure 7. - Varlatlion of peak position of concentration factor with 1/K for qonstant free-stream

Reynolds number.

2¥

CT?¢ NT VOVN




Concentration-factor peak position, r

, CT-6 hack

5371“

0T¥%e NI VOVN

.060
.055

Free-stream =~
.050 Reynolds number, — d

Reg . S7a Ny
e 7 TSN
4-09QA/1024 A%// e rr \k&-\
.045 [ o // 512 = L — w%ﬁh
P"‘/A ’H // 12?/-’1ﬂﬂ T
D40 — — -
.1 2 5 .4 6 .8 1 2 3 4 6 B8 10 20 30 40 60 80 100
Reelprocal of inertia parameter, 1/K
{(v) z = -0.25.
Figure 7. - Concluded. Variation of peak positlion of concentration factor with 1/'[( for constant
free-stream Reynolds nuiibsr.

144



Shadow-zons thickness, r - 1y

44

YA
VLR

012

010

g

3

2
\

]
=

—-.b2 -.48 = hd -.40 ~=.36 - 352 ~. 28 —.24 =20 -,16 -.12
Axipl distancs, =z

{a) Free-stream Reynclds numbsr, O.
Pigure B. - Thioknesa (r - r,) of shadow mome as funotion of =-position,

CT%E ML VDYH




r » ‘. P 1

0

014 E

(82}

T [

=

o
.012
G10

008 1
/X //
pl

8hedow-gone thiclness, r - ry

'wa w.
|1
"1 /
// /
004 e L~
ol A 45
= —> —
.002 —— = /d/
] et P
// ’/ /1
L1
. / |1 //
-.52 -.48 —odd -.40 ~. 36 -. 52 -.28 —24 -.20 -.1B =12 -.08 ~.04 0

Axial distance, x
(b) Pree-stream Reynolda number, 128,
Figure 8. ~ Continued. Thiclknsess (r - ru) of phadow zcne as function of g-position,

Sy



Shadow-gone thicknese, r - rg

014 — E—
012
- 14
1
.010 -
v
|~
//

008 /

. //

AT |
o] L~
—-—""——‘_
- P / . /
' //""— // //
[ / ol ———t—T ‘7
.002 <) P
= > >
|1
-.52 -.48 -.44 - .40 -.56 -.32 -.28 -. 24 -.20 -.18 =-.12 -.08 -.04 &)
Axial distance. =

(c) Pree-stroam Reynolds number, 512,
Pigure 8. - Continued, Thickneas (r - r,) of shadow zone as fumeticn of z-posltiom.

oy

OT%s NG YOVN



Shadow-zone thickness, r© - ry

wJi L

0T¥: N&: VOVN

014
.012 /’/”,/”’
1/K A/,z’
.010 /Ez"
’//'
008 o
[~
1
L~
/
008 ; ”/”,;’”/ ”,a'
v T
004 ’/ )//
/ 5 _____,__-—"“-—‘
002 /’—{ / // ) I
- P II
77/ /‘/ = el
',,r’ ] L] .
A ‘_,,—”” . ’9‘;__,«"
~.52 - 48 -4 - .40 -.36 -.352 -.28 -.24 -.20 ~.18 -2 -.08 -0k 0

Axinl diptance, £
{d) Prea-stream Reynolds number, 1024,

oerl; Ab=f:

Figure B, - Continued, Thickneas (r - rg) of shadow zone as function of =-position,

LY



Shadow-mone thicknees, r - rg

Nl
012 002
- 1/X |1
Pl
- 0,1 1/K
o . 1//
010 -2 -.08 - 04 o v
(£) Prae-atream Reynolds number, 8193. -
Ann Wt
U900 )/
006 /,/
pad pd
pa +
3 /
002 ’//
. // 0.2 /
e //
/ '// i Py
0 ]
=-,52 - &8 m.hd -.40 -.36 -.32 -.28 -.24 -.20 -.18 -.12 -.08 -.04 [4]

Figure 8. - Conecluded,

Axial distance, =
(e) Fres-astream Reynolds number, 4096,
Thicimess (r - ry) of shadow zone as funmction of z-position.

8%

OTPe NI: ¥VOVN



NACA TN 3410 49

10

Pesgk value of C
i

S

"

0 4 8 12 186 20
Ellipsoid percent thickness

Figure 9. - Verlation of pesk velue of concentrgtion factor
with ellipsoid thickness. Major axis, 10 feet; speed, 300
miles per hour; droplet dlameter, 20 mlerons; altitude,
16,000 feet; Rep, 1287; 1/K, 16.6; z = O.



Bhadow-zone thickness, r - rg

NACA TN 3410

/

.010 7
4
008 P Y4
.006 ’)///7
/
/

0] 4 8 12 16 20
Ellipsold percent thickness

Filgure 10. ~ Varlatlon of shadow-zone thickness with ellipsoid
thickness. Major axis, 10 feet; speed, 300 mliles per hour;
droplet dlsmeter, 20 microns; altitude, 15,000 feet; Reg,

1287; 1/K, 16.6; z = O.



0001 - 99-0%3-% - LaThum-VyOWN

Welghted local concentration factor

2.4 T 1 l
Tniform 1
- droplets, !
20 mierons—p] I Ellipsold percent
2.0 / ‘\ﬂ‘ thickness
10
!\ —_———— 20 (ref. 1)
)
\\ | N |c¢ distribution
los \ i ‘\ > L~
N | by
. N YAV, N
/ N 70~ N
1 \_ ~ ~— \\
1-2 ' . ')\:: —} = .""' b T —
| / *§:=§ =< — L | d_ 1
I ——
I 1y
_ 1
.8 t 7
2 1
Y )
1T
A z ]
X F ]
/ |
1 f
7 |
L~
= |
o] 1 2 3 4 5 6 7 8

Distance from surface of elllpsoid at z = 0, in.
~

0T%2 NI VOVN

Figure 11, - Effect of droplet-size distribution on concentration factor for ellipsold. Major
axis length, 20 feet; veloclty, 300 miles per hour; altitude, 15,000 feet; alr tempersture,
1° ®; volume-median droplet dlameter, 20 mlcrons Reo med? l28. 7, 1/Kﬁedr 33.1.

18



